The mechanism of 5-fluorocytosine (5-FC) resistance was studied in highly resistant mutants isolated from Saccharomyces cerevisiae ATCC 9763. The development of resistance to 5-FC in these strains was caused by the obstruction of further enzymatic conversion of 5-fluorouracil (5-FU), produced by deamination of 5-FC in the cells, due to the lack of UMP pyrophosphorylase. Consequently, 5-FC was not incorporated into RNA, the most probable site of the antifungal activity of 5-FC. The 5-FU thus formed in the cells was excreted rapidly into the medium, thereby the resistant strains effectively remove toxic effects, if any, of the derived 5-FU from the cells.
Introduction
The antifungal agent, 5-fluorocytosine (5-FC), which was developed by F. Hoffmann-La Roche & Co., Ltd. is characterized by the highly potent, in vitro and in vivo antifungal activities against Cryptococcus neoformansl?, Candida albicans2)3), Torulopsis sp. 4)-6), Aspergillus fumigatus and the causative pathogens of chromomycosis7), and by the remarkably low toxicity, which made 5-FC a clinically useful drug. Excellent clinical efficacy of 5-FC has been demonstrated against a number of sensitive pathogens in the treatment of systemic fungal infections8).
However, rather frequent development of resistant strains to 5-FC during the therapy has been an important clinical problem. Relapse in several cases of chronic chromomycosis has been observeds9)10) after a considerable improvement, due to the development of resistant strains, during a continued treatment with 5-FC for a long period of time.
In the studies on the mechanism of action of 5-FC, A. Polak and coworkers11)12) reported that 5-FC, which was incorporated into RNA via conversions to 5-fluorouracil (5-FU), 5-FUMP, 5-FUDP and 5-FUTP, replaced uracil in RNA by 20-40%, thereby inducing profound changes in certain amino acid pool and abnormal protein synthesis.
In this connection the mutation which prevents more or less the incorporation of 5-FC to RNA fraction can be a possible mechanism of resistance acquisition to 5-FC. R. Jund and the collaborators reported the alterations or impairments in the following 5 enzyme systems as the possible mechanisms of resistance to 5-FC: (1) cytosine permease13)14), (2) cytosine deaminase13)14)26), (3) UMP pyrophosphory-lase13)-18), (4) loss of the feedback regulation of aspartic transcarbamylase by UTP leading to increased de novo synthesis of pyrimidines14)19)-21) and (5) increased de novo synthesis of pyrimidines by stimulation of orotidylic acid pyrophosphorylase and orotidylic decarboxylase21). In this paper are described the studies on the mechanism underlying the development of 5-FC resistance in resistant mutants of Saccharomyces cerevisiae isolated by selecting spontaneous mutatants and by UV mutagenesis, and Fonsecaea pedrosoi of clinical origin.
Materials and Methods
Materials 5-FC, 5-FU and 5-FC-2-14C (specific activity: 28.7tCi/mmole) were obtained from F. Hoffmann-La Roche & Co. , Ltd. Uracil-2-14C (specific activity: 53. 5, Ci/mmole) was purchased from Dai-ichi Chemical Co. , Ltd. and 5-FU-2-14C (specific activity: 55.3tC1/mmole), from Cea Ire Sorin Co., Ltd.
Isolation of 5-FG resistant strains
A loopful of S. cerevisiae ATCC 9763 (106 cells per ml) was inoculated to Monod L tubes containing 10ml of the yeast nitrogen base (YNB), supplemented with 1.0% glucose and 0.15% asparagine, with a series of 5-FC concentrations, the lowest being slightly less than the predetermined minimum inhibitory concentration (MIC) and incubated at 30C in a reciprocal water bath incubator operating at 100 strokes per minute. After 3 days' incubation a 0.1ml aliquot of the resulting growth in the test tube containing more than the MIC of drug was inoculated to the other series of test tubes containing still higher drug concentrations. Likewise, the process was repeated several times until development of the resistance to 5-FC concentrations at 400g fml (S-5) and 10,000g/ml (5-10) was observed. At regular intervals of this process the Saccharomyces strain under cultivation was tested for purity and also for the MIC of the elevated resistance.
S. cerevisiae ATCC 9763 was irradiated by ultraviolet ray in YNB mdium at 37cm below the lamp (National Sterilizing Lamp) for 2 minutes to give 0.4% survival. The irradiated cells were plated on YNB agar with a series of 5-FC concentrations. The treatment was repeated in the similar manner as above until the development of resistance to 5-EC concentration at 10,000 tg/ml (U-10) was observed.
Determination of the MIC
An agar dilution technique was used. 5-FC dissolved in sterile distilled water was diluted and mixed with molten YNB agar medium supplemented with 1.0% glucose and 0.15% asparagine for yeasts and fungi. Yeast suspension was prepared by diluting precultures (16 hours at 30C) with fresh medium to make the final concentration of the cells 3 x 106/ml. The cell (F. pedrosoi) suspension was prepared in sterile saline solution containing 0.1% Tween 80 from a week old slope cultures grown at 37C. The 5-FC plates were inoculated by streaking the microbial suspensions in a radial manner. Results were recorded after 24 hours' incubation for yeasts and 7 days at 37C for F. pedrosoi. The lowest concentration of the drug completely inhibiting growth was taken as the MIC.
Measurement of incorporated radioactive compounds
Cells were grown overnight at 30C in 10ml of YNB supplemented with 1.0% glucose and 0.15% asparagine. A 0.5 ml aliquot of the overnight culture was transmitted to 10ml fresh sterile medium, incubated for 2.5 hours at 30C and the concentration of cells in the culture was adjusted to 6 x 106/ml.
To this culture were added 14C-5-FC (3.8 tM, 1tCi), or 14C-5-FU (3.8 tM, 2 PCi) and the mixture was incubated further at 30C. At intervals two 0.5 ml-aliquots were withdrawn at a time, one was filtered on a Millipore filter (0.44 pore size) and the filter was washed 3 times with 10ml saline solution.
The other was mixed with 0. 5 ml of icecold 10% trichloroacetic acid (TCA) and was allowed to precipitate at 0C for at least 20 minutes. The latter was then filtered on a Millipore filter and washed 3 times with 5ml of 5% TCA solution. The filters were dried and the incorporated radioactivity was measured in a toluene scintillator with a liquid scintillation counter (Intertechnique SL-30).
Paper chrornatographic analysis of the intra-and extracellular radioactive substances
Intracellular radioactive substances were extracted from the cells, which had been grown in 10 ml of YNB medium containing 1.9M 14C-5-FC (0.5 PCi), into 1ml of hot deionized water (90-100C) for 20 minutes on a boiling water bath. A 20 d aliquot of the extract was spotted on a Toyo No. 51 paper (40 x 40cm) and developed in a solvent system of iso-butyric acid: 0.5 M NH4OH(5: 3 by volume). As for the extracellular radioactive substances remaining in the medium, a 1ml aliquot was withdrawn at intervals from the culture and the cells were filtered off. A 20 d aliquot of the filtrate was then paper chromatographed.
The dried paper was cut into a strip of 3cm in width and 1cm in length. The radioactive compounds on the paper were located by measuring the radioactivity of cut papers in a toluene scintillator.
Assay of UMP pyrophosphorylase activity
The UMP pyrophosphorylase activity was measured by using the technique described by P. Recichard in Table 1 . The MIC for the wild type strain was 0.05g 5-FC/ml. On the other hand, the resistant strains, S-10 and U-10, were highly resistant to 5-FC at concentrations more than 10,000 ig/ml. The MIC for the moderatly resistant strain, S-5, was 500g/ml. These 3 resistant strains were cross-resistant to 5-FU at concentrations more than 10,000 g/ml.
Incorporation of 14C-5-FC or 14C-5-FU into cells and nucleic acid fraction
In the wild type strain of S. cerevisiae, the intracellular uptake of 14C-5-FC was saturated at about 40 minutes, whereas the incorporation into nucleic acid fraction increased linearly for 80 minutes (Fig.  1-A) . On the other hand, in the rsistant strains, rapid release of the intracellular radioactivity after the maximal uptake of 14C-5-FC at around 20 minutes, until it was ultimately nullified after 80 minutes of incubation, was the characteristic phenomenon observed in the 3 kinds of resistant mutants in common ( Fig. 1-B , C & D). No incorporation of radioactivity from 14C-5-FC into nucleic acid fraction was observed in S-14 and U-10 ( Fig. 1-B & D) . The incorporation of 14C-5-FC in S-5 was only 5% as compared with that of the wild type strain ( Fig. 1-C) .
With respect to 14C-5-FU, the intracellular uptake and the incorporation into nucleic acid fraction in the wild type and the resistant strains are shown in Fig. 2 . In the wild type strain, in contrast to the rapid intracellular uptake of 5-FC, only 5% of 14C-5-FU was incorpotated after 4 hours of incubation ( Fig.   2-A) .
The wild type strain was rather resistant to 5-FU as compared with the MIC value for 5-FC (Table 1) and this could be explained by the significantly lower incorporation rate of 5-FU than that of 5-FC. As shown in Fig. 2-B , in resistant strain S-10, no intracellular uptake of 5-FU nor the incorporation into nucleic acid were observed.
In case of experiments with 14C-cytosine and 14C-uracil, the intracellular uptake as well as the incorporation into nucleic acid fraction in the wild type and the resistant strians of S. cervisiae followed the similar patterns as in the cases of 14C-5-FC and 14C-5-FU23).
Intra-and extracellular distribution of radioactivity during incubation
In an attempt to elucidate the mechanism of the rapid excretion of intracellular radioactivity in the resistant mutants of S. cerevisiae ( Fig. 1-B, C & D) , time course studies on the intra-and extracellular distribution of the radioactivity was carried out and the radioactive substances were quantitatively determined by means of paper chromatography. In the wild type strain, 14C-5-FC was incorporated into RNA via conversions to 5-FU, 5-FUMP, 5-FUDP and 5-FUTP, as shown in Fig. 3-A. On the other hand, in the cells of the resistant mutant S-10, only 5-FC and 5-FU were detected as the radioactive components ( Fig. 3-B ) suggesting that UMP pyrophosphorylase was impaired in the resistant strain.
The time course studies on the intracellular concentrations of 5-FC and 5-FU indicated that 5-FC incorporated into the cells was deaminated to 5-FU which was then released from the cells (Fig. 3-B) .
The radioactive substances found in the medium were only 5-FC and 5-FU in both the wild type and the resistant strains. In the resistant strain, 5-FU in the medium linearly increased in contrast to the decrease of 5-FC. This is probably due to the facts that the incorporated 5-FC was deaminated in the cell and excreted back into the medium as 5-FU. In the wild type strain, a part of the intra- cellular 5-FU was also excreted into the medium (Fig. 4-A) . The reuptake of the excreted 5-FU into the medium was not observed in resistant mutants (Fig. 2) in sharp contrast to the incorporation by the wild type strain. G-4 Total radioactivity in medium (activity of an aliquot of the filtrate was measured in dioxane) ----+ Radioactivity incorp orated into cells (quantitative measurement was done on filter paper in toluene) ---a 5-FC i n medium (in cut pieces of pap er chromatograplii i n toluene) ----5-FU in medium (the same as above)
Deficiency of UMP pyrophosphorylase in resistant strains
In an attempt to confirm our postulation that the UMP pyrophosphorylase is impaired in the resistant strains, the crude enzyme was prepared from the wild type and the rsistant strains, and the activities (U-racil+PRPPUMP+PPi) were assayed. With the wild type strain, a gradual increase of UMP formation from uracil was observed during incubation for 40 minutes. On the other hand, with 3 resistant strains, no detectable UMP was formed at all indicating clearly the lack of UMP pyrophosphorylase in these strains. (Table 2) Excretion of 14C-5-FC to the medium by F. pedrosoi MIC values of 5-FC against the sensitive and the resistant strains of F. pedrosoi were 2. 5g and more than 10,000tg/ml, respectively. The incorporated radioactivity derived from the added 14C-5-FC into the cells and the ratio of 14C-5-FC and 14C-5-FU in the medium are shown in Table 3 . The intracellular uptake of 14C-5-FC in the sensitive and the resistant strains was about 1 % in 8 hours, which was considerably less than that in S. cerevisiae (Fig. 1 ). In the sensitive strain the excretion of 14C-5-FU into the medium was not observed. On the other hand, in the resistant strain the excretion of 14C-5-FU into the medium was clearly seen at the rate of 5.74% and 32.74% of the added 14C-5-FC at 8 and 23 hours, respectively, suggesting that excretion of a considerable amount of 14C-5-FU occurred in this case.
Discussion
The mechanism of the resistance to 5-FC was investigated in 3 kinds of the resistant mutants isolated from S, cerevisiae ATCC 9763 by selection of spontaneous mutations (S-5 and S-10) and by UV mutagenesis Table 3 . Intra-and extraceliular distribution of radioactivities derived from 5-FC in F. pedrosoi (U-10). In the resistant strains, further enzymatic conversion of 5-FU in the cells was shown to be blocked due to the deficiency of UMP pyrophosphorylase. The 5-FU thus formed in the cells was excreted rapidly into the medium. The excretion of 5-FU was not the characteristic phenomenon only for the resistant mutants. However, the quantity excreted by the sensitive strain was considerably less than that by the resistant strain possibly due to the continued utilization of the 5-FU as a false building block of RNA.
In the resistant strains, the excreted 5-FU could no longerr re-enter into the cells as shown clearly by the lack of 5-FU incorporation in sharp contrast to the incorporation by the sensitive strain. In the resistant strains, the mechanism of rapid removal of the derived 5-FU in the cells might play a role in removing various presumed effects of 5-FU24)25) in the cells. Based on these findings, it was concluded that the development of resistance to 5-FC, in the strains currently investigated, was due to the obstruction of 5-FC utilization en route to RNA, the probable site of the antifungal action, because of the impairment of UMP pyrophosphorylase. The simultaneous acquisition of the cross-resistance to 5-FU, by the 5-FC resistant mutants, was also explained by the difference in the abilities to incorporate 5-FU by the sensitive and the resistant strains. These results are schematically summarized in Fig. 5 .
In 5-FO sensitive and resistant strains of F. pedrosoi, clinical isolates, the intracellular uptake of 5-FC was considerably less than the case with S. cerevisiae. In the sensitive strain, only 5% of the added 5-FO was incorporated after incubation for 23 hours ( Table 3) . The low uptake rate suggests that 5-FO, once incorporated, is rapidly metabolized and transferred to RNA, thereby causing no detectable excretion of 5-FO into the medium (Table 3) -Iowever, the kind of resistance which was most frequently encountered in their studies was ascribed to the deficiency of UMP pyrophosphorylase13)-18)26). Based on these as well as our results, the common mechanism of 5-FC resistance is considered to be the deficiency of UMP pyrophosphorylase. Furthermore, an evidence was presented to elucidate the mechanism of the crossresistance to 5-FU showing the marked differences in the ability to incorporate 5-FU between the 5-FC sensitive and resistant strains of S. cerevzsiae.
